Titania-based ultrathin films were fabricated by layer-by-layer (LbL) assembly of titanium (IV) bis(ammonium lactato) dihydroxide (TALH) and polyelectrolytes. The thickness of the titania monolayer in the LbL films was 4-5 nm, which was consistent with the particle size of TALH in water. The conductivity and the electron mobility of the LbL films reached 10 −8 S cm −1 and 10 −5 cm 2 V −1 s −1 , respectively. These results suggest that there exist percolation paths for the electron transport in the LbL film. Furthermore, it is demonstrated that photovoltaic properties of the LbL film can serve as an effective electron-transporting and accepting layer.
Introduction
Titanium oxide, titania, has drawn attention because of its attractive optical and electronic characteristics. Various applications have been reported, such as optical filters, photocatalysts, and electronic devices [1] [2] [3] [4] . Titania thin films have been fabricated not only by dry processes such as thermal deposition, sputtering, and chemical vapor deposition [1, 3, 5] but also by the sol-gel method and other solution processes [6] [7] [8] . The solution processes are suitable for large-area and low-temperature fabrication, and are also applicable to the fabrication of organic-inorganic hybrid materials. Titanium alkoxides have been widely used as a precursor of titania. However, it is difficult to control the particle size precisely because of the rapid reaction of alkoxides in water. Thus, chemical additives are needed to control hydrolysis and condensation moderately [9] . Recently, bis(ammonium lactato)titanium dihydroxide (TALH) has been developed as a useful starting material of titania synthesis from an aqueous solution, because TALH is stable even in water at ambient temperature in contrast to titanium alkoxides. The hydrolysis and conversion of TALH into titania have been studied by Möckel and his co-workers in detail. They reported that titania converted from TALH is composed of monodisperse nanoparticles [10] . Furthermore, TALH serves as a negatively-charged ion in water, and is therefore applicable as an adsorbate in the layer-by-layer (LbL) deposition technique. Consequently, various nanostructures of titania such as core-shell nanoparticle [11] , nanotube [12] , and three-dimensional porous films [13, 14] have been reported so far.
The LbL deposition technique, which was developed by Decher, is based on electrostatic self-assembly of oppositely-charged species, and is now widely employed as a simple and versatile method for fabricating multilayered nanostructures [15] [16] [17] [18] . As mentioned above, there are several reports on titania thin films developed by the LbL assembly of TALH. Caruso and his co-workers fabricated multilayered thin films of TALH 4 and some polyelectrolytes by the LbL deposition technique [19] . Kim and his co-workers applied titania-based LbL thin films converted from TALH to transparent photocatalyst [20] and anti-reflection film [21] . On the other hand, titania has been widely used as an excellent electron-transporting material in photovoltaic cells. For example, titania nanoporous thin layers are employed as an electron-transporting material in dye-sensitized solar cells [22] , and titania nanoparticles are blended as an electron-accepting material with a conjugated donor polymer in organic-inorganic hybrid solar cells [23] . Thus, titania-based LbL thin films are a promising material in multilayered photovoltaic cells. However, there are no reports on the conductive properties of titania-based LbL thin films.
In this paper, we fabricated titania-based LbL films from TALH, characterized the conductive properties, and demonstrate their application to photovoltaic cells. The dispersion state of TALH in water was analyzed by the dynamic light scattering measurement to discuss the deposition of TALH in the LbL assembly. The layered structure of the films was revealed by absorption and atomic force microscopy (AFM) measurements. The conductivity and electron mobility of the titania-based LbL films were evaluated quantitatively, suggesting that the titania-based LbL films can serve as an efficient electron-transporting material. Finally, photovoltaic properties were also demonstrated with multilayered solar cells designed by LbL assembly of TALH/poly(diallyldimethylammonium chloride) (PDDA) and poly(p-phenylenevinylene) (PPV)/poly(sodium 4-styrenesulfonate) (PSS). 5 
Experimental

Materials
For the LbL deposition, water was purified by deionization, distillation, and passing through a filtration system (Barnstead Nanopure II). An aqueous solution of titanium(IV) bis(ammonium lactato)dihydroxide (TALH; Aldrich, 50 wt% in water), which is a precursor of titania, was diluted to 5 wt% aqueous solution with water. An aqueous solution of poly(diallyldimethylammonium chloride) (PDDA; Aldrich, 20 wt% in water, M w = 100000-200000 g mol −1 ) was diluted to 1 mg mL −1 with 0.5 M NaCl aqueous solution.
Poly(p-xylene tetrahydrothiophenium chloride) (pre-PPV; Aldrich, 0.25 wt% in water), which is a precursor of poly(p-phenylenevinylene) (PPV), was diluted to 1 mM with water.
Poly(sodium 4-styrenesulfonate) (PSS; Aldrich, M w = 70000 g mol Figure 1 shows the chemical structures of materials employed in this study.
---<<Figure 1>>---
Fabrication of LbL films
For UV-visible absorption and sheet-resistance measurements, quartz substrates were employed for the LbL deposition. Similarly, pre-PPV/TALH LbL films were fabricated as described in Ref [24] and PPV/TiO x LbL films were obtained by annealing at 220 °C for 12 h under vacuum.
For the electron-mobility measurement, the indium-tin-oxide (ITO)-coated glass substrates (10 Ω square −1 ) were employed for the LbL deposition. The substrates were cleaned and treated as described above. First, a buffer layer was prepared by the LbL deposition of PEDOT:PSS and PDDA as reported previously [25] . The thickness was 100 nm. Second, PDDA/TALH LbL films were fabricated on the buffer layer. Third, the LbL film was annealed as described above. Finally, Al was thermally deposited at 3. films were prepared by spin-coating followed by sintering at 150 °C in air for the sheet-resistance and electron-mobility measurements.
Photovoltaic cells with a planar heterojunction structure were fabricated by the LbL deposition technique. First, an acceptor layer was fabricated by the LbL assembly of TALH and PDDA on a cleaned ITO substrate as described above. Second, a donor layer was fabricated by the LbL assembly of pre-PPV and PSS as reported previously [24] . Third, a 7 buffer layer of PEDOT:PSS was prepared by spincoating, followed by annealing at 100 °C for 24 h under vacuum. Finally, Au was thermally deposited. The thickness was 80 nm for the PEDOT:PSS layer and 100 nm for the Au electrode. The layered structure shown in (Advantest, R6243). The electron mobility µ e was evaluated from the space-charge limited current, which is described by 
Results and Discussion
TALH dispersion in water
To clarify the deposition state of TALH in water, we measured the dynamic light scattering of an aqueous solution of TALH. The average particle size of TALH was estimated to be 5.7 nm with a narrow polydispersity index of <0.01 by the cumulant approach.
The particle size remained the same even after several hours, suggesting that TALH is stable and does not form larger aggregates (oligomer or cluster) in water. These results are consistent with previous studies on TiO x nanoparticles thermally converted from TALH at <100 °C, in which the size of the TiO x nanoparticles was reported to be 3-5 nm [30, 31] .
Thus, the stability of TALH against both hydrolysis and condensation to TiO x is probably due to two bulky ligands in TALH, which is a chelate compound of a titanium ion coordinated by two ammonium lactates. We therefore conclude that TALH is dispersed in water as small aggregates with a diameter of ~6 nm, which can be deposited on a substrate as described later.
Fabrication of TiO x LbL films
---<< Figure 3 >>--- These results indicate that TALH is partially converted into TiO x because of drying during the LbL deposition, and completely converted into TiO x after thermal annealing at 95 °C. As shown in the inset of the figure, the absorbance at 250 nm increased in proportion to the number of deposition cycles. This linear growth indicates that TALH nanoparticles are quantitatively deposited in an LbL fashion. Figure 4 shows an AFM image of an LbL film of (PDDA/TiO x ) 6 on a quartz substrate. The LbL film was pinhole-free with a surface roughness of <10 nm, which is indicative of homogeneous deposition of TALH nanoparticles.
The bright area on the right side is the surface of the LbL film and the dark area on the left side is the surface of quartz substrate where the LbL film was scratched out. From the difference in height between these levels, the total thickness of the LbL film was evaluated to be 32 nm. As shown in the inset of Figure 4 , the thickness of PDDA/TALH LbL films after thermal annealing increased in proportion to the number of deposition cycles. This is consistent with the linear growth in the absorbance mentioned above, suggesting again that TALH nanoparticles are quantitatively deposited in the LbL fashion. From the slope in the inset, the thickness of PDDA/TiO x bilayer was estimated to be 6.2 ± 0.1 nm.
---<< Figure 4 >>---
To evaluate the monolayer thickness of TiO x and PDDA in LbL films, we estimate the absorption coefficient of TiO x layer as follows. First, PPV/TiO x LbL films were prepared by thermal conversion of pre-PPV/TALH LbL films. The thickness of the PPV monolayer can be evaluated using the absorption coefficient 330000 cm −1 at 400 nm [32] .
Next, the total thickness of PPV/TiO x LbL films can be evaluated by the AFM measurement as described above. Thus, the thickness and the absorption coefficient of the TiO x 11 monolayer can be estimated from the difference. Figure 5 shows absorption spectra of PPV/TiO x LbL films with various numbers of bilayers (n = 2, 4, 6) on quartz substrates.
The absorption increased in proportion to the number of PPV/TiO x bilayers as shown by the solid line in the inset. From the slope of the solid line, the monolayer thickness of PPV in PPV/TiO x LbL films was estimated to be 0.9 ± 0.1 nm. On the other hand, as shown by the broken line in the inset, the total thickness of PPV/TiO x LbL films also increased in proportion to the number of PPV/TiO x bilayers. From the slope of the broken line, the bilayer thickness of PPV/TiO x LbL films was estimated to be 5.7 ± 0.1 nm. Therefore, the monolayer thickness of TiO x in PPV/TiO x LbL films was estimated to be 4.8 ± 0.2 nm and the absorption coefficient of the TiO x layer was evaluated to be 300000 cm −1 at 250 nm [33] .
On the basis of the absorption coefficient, the monolayer thickness of PDDA/TiO x LbL films was estimated to be 2.2 nm for PDDA and 4 nm for TiO x [33] . Interestingly, the monolayer thickness of TiO x is 4-5 nm independently of counter polycations, which is consistent with that evaluated by other methods such as ellipsometry and quartz crystal microgravimetry [19] .
Furthermore, it is in good agreement with the particle size of TALH in water. Thus, this finding also indicates that TALH nanoparticles are stably dispersed in water and quantitatively adsorbed on a substrate during the LbL deposition.
---<< Figure 5 >>---
Conductive properties of TiO x LbL films
---<< Figure 6 >>--- 12 To discuss the conductive properties of PDDA/TiO x LbL films, we measured the conductivity σ and the electron mobility μ e . For comparison, np-TiO 2 films were prepared by sintering of TiO 2 nanoparticles at 150 °C. Figure 6 TiO x even at a low temperature [35] . The high electron mobility shows that there are effective percolation paths of TiO x in the film. This is mainly due to the high volume fraction of TiO x as mentioned above and also due to the interpenetrating characteristics of LbL films as reported previously [25] . Table 1 summarizes σ and μ e of the PDDA/TiO x LbL films and the np-TiO 2 film. We therefore conclude that the PDDA/TiO x LbL films converted from TALH can serve as an efficient electron-transporting material.
---<< Table 1 As shown in Figure 4 , the PDDA/TiO x LbL film was pin-hole free but had a surface roughness of <10 nm. This is probably due to TiO x nanoparticles being as small as 6 nm.
Considering the particle size of TiO x , the surface area of TiO x LbL films is roughly estimated to be 1.5 times compared to that of d-TiO 2 films. We therefore attribute the increase in J SC to the larger interface area in TiO x LbL films. The interpenetration between TiO x and PPV layers at the interface also contributes to the increase in J SC . Thus, we conclude that the TiO x LbL film can be employed as an effective electron-transporting layer and an acceptor layer in photovoltaic cells.
---<< Figure 9 >>---
Conclusions
We fabricated titania-based ultrathin films by the 
